insufficient treatment of the upper road surface water for the reinforcing soil retaining wall, improper installation of the uppermost reinforcing material, or a defective connection state between the front wall and the reinforcing material [9] . Many other causes of collapse, such as wall subsidence, cracks, and deformation, have been reported (Fig. 4) .
Literature review
Because of the population density and the characteristics of the Korean domestic topography, reinforced soil retaining walls have been frequently used for expanding sites. In addition, the reinforced soil retaining walls have such advantages as economy and workability. As a result, the reinforced soil retaining wall market has rapidly grown. However, unreliable design and construction resulting from price competition among companies have caused collapse accidents of reinforced soil retaining wall to occur frequently [7] . Therefore, various studies have been reported for safer construction of reinforced soil retaining walls.
Recently, more research on 3D numerical analysis has become necessary because interest in the destruction of the curved parts of reinforced soil retaining walls is increasing. Ki et al. [5] analysed the behaviour by the form (convex, concave) of the reinforced soil retaining wall through an model test. In this study, the maximum horizontal displacement occurred at the centre both of concave and convex curves. In the case of the convex type, as opposed to the concave type, large horizontal displacement occurred due to earth pressure. Jung [4] analysed the behaviour of the reinforced soil retaining wall based on the surface load and relative density using 3D numerical analysis. Oh et al. [11] determined the behaviour characteristics of the reinforced soil retaining wall according to the curvature of the curved parts of the retaining wall, and they predicted the optimal curvature by numerical analysis. Also, many studies have been carried out on the reinforcing materials used for reinforced soil retaining walls [1, 14] . Lee et al. [8] studied the behaviour of the ground according to the length and spacing of the geogrid through model testing and numerical analysis. The ground surface settlement caused by artificial destruction was measured using the device used for the model test. Bulging and collapse [9] In this study, the behaviours of the wall and the surrounding ground were compared and analysed according to various reinforced soil retaining walls (from a height of 3.2 m, which is lower than the height of the minimum reinforced soil retaining wall, to a retaining wall of 9 m or more, which is superior in economy) (Choi and Park [2] ). 3D numerical analysis was used to compare the failure of the straight parts and the curved parts of the reinforced soil retaining wall. 
Numerical analysis
In this research, PLAXIS 3D, which is a numerical analysis program, was used to compare the straight parts and the curved parts of the reinforced soil retaining wall [13] . 
Modelling
The procedure of numerical analysis and construction is shown in Fig. 5 . A block of 0.4 × 0.5 × 0.4 m (length × width × height) was piled up, and a wall 10 m in width and 10 m in length was modelled (Fig. 6 ). Figure 7 is modelling according to four cases. Based on the work of Kwon et al. [6] , the embedded depth of the wall was set to 0.4 m. The height of the wall was divided into four cases (3.2, 5.2, 7.2, and 9.2 m). The number of layers corresponding to the height of each reinforced soil retaining wall is shown in Table 1 . In addition, a load of 100 kN was applied to the ground surface of the back fill and upper walls with reference to the existing literature 
Material parameters
The Mohr-Coulomb model (associated flow rule) was applied to the original ground and back fill and the linear-elastic model to the wall. The interface of the back fill between and the walls was 0.8. The compaction of the back fill was determined to be dense soil with a relative density of 80% based on the work of Das [3] . A geogrid was installed every 0.4 m (one layer), and EA of 50 kN/m was applied [15] . Table 2 shows the material parameters of the original ground, back fill, and wall by referring to the existing literature (Lee et al. [10] , Patki et al. [12] ). Figure 8 shows the deformed mesh of the 3D numerical analysis. It is possible to confirm the displacement occurring on the wall as a result of the back fill and the surface load. The displacement of the wall increases as the height of the reinforced soil retaining wall increases.
Results

Deformed mesh
Horizontal displacements
Figures 9 and 10 show the horizontal displacement of the curved parts and the straight parts according to the height of the reinforcing soil retaining wall. Case 1 with the lowest height shows the least bulging in the straight parts. However, the higher the height, the more bulging increases sharply (Fig. 8) . The Case 1 ratio to Case 2, Case 3, and Case 4 increased 4.1, 9.7, and 18.8 times at the H/2 points of the straight part of the wall, and horizontal displacements increased 4.1, 9.7, and 18.8 times at curved parts. The horizontal displacement of the straight parts according to the height of the reinforced soil retaining wall increased sharply, but the horizontal displacement of the curved parts were gradual. In addition, as a result of comparing the straight parts and the curved parts of the reinforced soil retaining wall at the same height, it appeared that the bulging occurred more often in the curved part than in the straight part for all cases (Figs. 11, 12, 13, 14) . As a result of comparing the maximum horizontal displacements of the straight parts and the curved parts of each case, a maximum difference of 2.26 times occurred when the height of the reinforced soil retaining wall was 3.2 m, and as the height became higher, displacements of 1.50, 1.20, and 1.11 times occurred (Fig. 15) . Figures 16, 17, 18 and 19 show the numerical analysis result of each case of horizontal displacement. Generally, the horizontal displacements of the curved parts are larger than those of the straight parts. Therefore, the reinforcement position and the method according to the height should be different, and it is judged that appropriate reinforcement of the bulging in the curved parts is necessary irrespective of the height. 
Vertical displacements and ground surface settlements
The ground surface settlements according to the height of the reinforced soil retaining wall were measured at the C-C′ section, as shown in Fig. 20 . Figure 21 shows the results of the ground surface settlements. In Case 1, the ground surface settlements of the curved and straight parts were small. However, as the height increased, the ground surface settlement amount sharply increased (Fig. 21) . When the height of the reinforced soil retaining wall increased from 3.2 to 5.2 m, the ground surface settlement amount increased by 6 times at the straight parts and by 10 times at the curved parts at the D/2 points (D: horizontal distance of straight and curved parts), and, as the height and 25 show vertical displacement contours. The vertical displacements are concentrated from the ground surface of the curved parts. Therefore, it is judged that research on a more fragile curved part is necessary. Also, it will be necessary to take countermeasures to ground surface settlements at construction and design. 
Total displacement vectors
Figures 26, 27, 28 and 29 show the total displacement vectors of the curved parts and the straight parts according to the height of the reinforcing soil retaining wall. As the height of the reinforced soil retaining wall increases, the amount of the vector increases sharply, and the vectors in the curved parts are concentrated more than in the straightline part of the wall. Therefore, it is judged that the curved parts are vulnerable, and reinforcement of curved parts is necessary. and 1.11 times as the height became higher. Therefore, appropriate reinforcement according to the height and countermeasures for bulging are necessary. 2. In the results of the ground surface settlements, the settlements sharply increased according to the height of the reinforced soil retaining wall, and, when the height was 3.2 m, the ground surface settlement amount of the curved part increased by 1.67 times compared with that of the straight part. Also, as the height increased, the value increased by 1.61, 1.48, and 1.38 times. Therefore, it is expected that countermeasures against ground surface settlements of the curved parts, which are weaker than the straight parts, at the actual construction and designing will be required. 3. Generally, the total displacement vectors of the reinforced soil retaining wall rapidly increased with the height of the reinforced soil retaining wall. The concentration of vectors at the curved part of the wall can be predicted by 3D numerical analysis. Therefore, it is judged that further research on the curved parts of the reinforced soil retaining wall is necessary. For the future, for the purpose of verification of this research, a study for comparison with the results of on-site or laboratory model tests will be planned.
